While the strength and durability of high-performance concretes (HPCs) 
vapor transition of the capillary pore water, as well as that bound in the cement paste component of the concrete. An excellent review of this "moisture clog spalling" process can be found in Conzolazio et al. 6 A large portion of this water is released between 100 C and 250 C when the calcium silicate hydrate (C-S-H) gel begins to degrade. This release is compounded in typical high-performance concretes due to both their higher cement factor and the presence of silica fume that produces pozzolanic C-S-H gel from the calcium hydroxide formed during hydration. A w/c = 0.5 cement paste with 10 % silica fume can release about 50 % more water in this temperature range than a reference paste with no silica fume. 7 If this water vapor cannot escape from the specimen, significant pressures will develop and may eventually cause spalling of the concrete. Recently, pore pressures on the order of 3 MPa have been measured in saturated cement mortars subjected to radiant heating. 6 Additionally, Kalifa et al. 8 have recently measured pore pressures and temperatures simultaneously inside concretes heated on one face up to 800 C, and have shown that the pressure buildup equals or slightly exceeds the saturated vapor pressure curve. In the case of saturated water vapor, pressures of 0.5 MPa, 1.5 MPa, and 3.9 MPa would be expected at temperatures of 150 C, 200 C, and 250 C, respectively. 9 Thus, in this failure scenario, the permeability of the concrete is one critical parameter (others being the saturation state of the concrete and the heating rate) as it will regulate the rate at which the generated saturated vapor can escape from within the interior of the concrete specimen. The permeability of conventional concretes is one to two orders of magnitude higher than that of their component cement pastes. 10 Simulation studies and experimental evaluation using mercury intrusion porosimetry have indicated that this permeability increase is likely due to the percolation of the porous ITZs surrounding each aggregate particle 11 and air void. 12 Further evidence for this percolation of ITZs in conventional concretes has been provided by Wood's metal intrusion, and subsequent scanning via electron microscopy evaluations of concrete by Scrivener and Nemati, 13 who suggested that the ITZ regions were indeed percolated. In addition, they estimated an ITZ thickness on the order of 20 µm in ordinary concrete, consistent with the value suggested by the concrete microstructural model employed by Winslow et al. 11 In HPC and even in conventional w/c (0.45 or so) concretes containing silica fume, the thickness of the ITZ is reduced to about 10 µm or less. [14] [15] [16] [17] [18] [19] In these studies, the thickness of the ITZ has been determined based on measurements of either porosity distributions using SEM analysis 15, 16, 18 or the orientation index of the calcium hydroxide in the ITZ and bulk
INTRODUCTION
While high-performance concrete (HPC) outperforms conventional concrete in nearly every performance category, one Achilles heel is its performance when exposed to a fire. Sporadically, such as during the recent fire in the Channel Tunnel, 1 HPC fails rapidly and dramatically due to the explosive spalling of the concrete's surface layer. This failure mode is typically not observed in conventional concretes of different mixture proportions (higher w/c ratio and greater volume fraction of fine aggregate), and whose binder component is based solely on portland cement. 2 The mechanism of failure for HPC during a fire is not yet well understood. One possibility is that the spalling is due to the buildup of strain energy in the specimen due to thermal incompatibilities between the cement paste and aggregates. 2 During exposure to a fire, the aggregate expands, yet after an initial expansion, the cement paste actually contracts due to the loss of moisture, and the generation of drying-shrinkage type stresses. 3 In HPC, the interfacial transition zones (ITZs) between aggregate and cement paste are often much denser. This could result in a higher stress concentration in the ITZ regions at elevated temperatures than in a conventional concrete where the more porous ITZ region may act as a sort of (thermal) shock absorber due to its higher porosity. While this mechanism is certainly plausible, in itself, it is somewhat difficult to reconcile with the fact that the addition of about 0.2 % by volume of polypropylene fibers is able to significantly improve the fire resistance of HPC. 4 Addition of the fibers at this low volume fraction should not mitigate the thermal incompatibility problem. Furthermore, the saturation state of the concrete has been shown to affect its fire performance 5 which would be unexpected if thermal incompatibility were the sole mechanism responsible for failure.
A second hypothesis concerning the failure mechanism, is that the explosive spalling is due to the buildup of very high pore pressures within the HPC. This is a result of the liquid-the cement. 32 The setting of cement pastes, mortars, and concretes, illustrates the percolation of the total solids, as the individual cement particles become bonded one to another by hydration products, leading to the formation of a percolated backbone and the strength development of the material. Other phases in the cement paste such as the calcium hydroxide and C-S-H gel also exhibit percolation thresholds. 29 Once the capillary porosity de-percolates, the permeability of the system is greatly reduced. In most cement pastes (w/c ≤ 0.5), after 28 days or so, the permeability would be sufficiently low that any water vapor formed at elevated temperatures would have difficulty in escaping from the system. However, in mortars and concretes, another percolation phenomena comes into play; the percolation of the ITZ regions. 11 Because the ITZ regions have a substantially larger w/c ratio than the bulk paste, they typically have a much greater (2 times to 3 times) capillary porosity. Thus, if the capillary porosity in the individual ITZs remains percolated and the ITZs themselves are percolated, a convenient escape route for the "steam" generated during fire exposure might exist. The percolation properties of these ITZ regions are conveniently studied using a hard core/soft shell (HCSS) percolation model, 33 the implementation details of which will be discussed in detail in the next section of this paper. Briefly, each aggregate particle is viewed as an impenetrable hard core, surrounded by a concentric soft shell (ITZ), which may overlap other soft shells or portions of other hard core particles. Figure 1 illustrates this HCSS model in two dimensions. In Fig. 1a , the hard core aggregate particles are each surrounded by an ITZ region, but the ITZ regions do not percolate across the system. In Fig. 1b , the thickness of each ITZ region has been increased, such that percolation from top to bottom is achieved. In Fig. 1c , conversely, percolation has been achieved by adding more hard core/soft shell particles. Finally, in Fig. 1d , percolation is achieved by the addition of just a few fibers to the system. From this simple illustration, one can clearly see the potential efficiency of fibers in percolating the ITZ regions in an originally non-percolated concrete. The percolation aspects of totally overlapping ellipsoids of revolution-a convenient geometrical representation of a fiber-have been simulated in detail by Garboczi et al. 34 They observed that for fibers with a 50:1 aspect ratio, approximately 1.5% by volume would be required to form a percolated pathway across a three-dimenpaste 17, 19 for w/c ratios ranging from 0.23 to 0.5. For a given ITZ thickness, the volume fraction of ITZ paste is mainly dependent on the surface area of the aggregates. Thus, depending on the specific gradation and volume fraction of aggregates employed in a concrete, the ITZ regions in an HPC may or may not be percolated. This percolation concept, which subsequently will be illustrated more clearly, could thus explain the inconsistency of the performance of HPC under fire testing, since sometimes explosive spalling is observed 20 and other times not. 21 When the ITZs are themselves de-percolated, the addition of polypropylene fibers (which also vaporize during the fire exposure) could perhaps provide pathways between locally percolated ITZ clusters to allow for the escape of water vapor before a significant pressure buildup produces spalling behavior. In support of this, Toutanji et al. have measured increases of up to a factor of nearly 3 in the rapid chloride permeability of concrete containing 0.3 % fibers on a volume basis 22 . Furthermore, Alonso et al. have measured an increase in the room temperature gas permeability of more than three orders of magnitude, for an ultra high-performance concrete containing fibers when first heated to 300 C relative to one heated to only 200 C. This is presumably due to the disappearance of the polypropylene fibers. 23 In this paper, a three-dimensional fiber-reinforced concrete microstructure model is presented and applied to examining the percolation of the ITZ regions in conventional and high performance concretes with and without polypropylene fibers. This study considers only the geometrical/spatial characteristics of these concretes and does not address other contributing issues such as the moisture content of the concrete or any applied load (stress state).
RESEARCH SIGNIFICANCE
As part of its Partnership for High-Performance Concrete Technology program, 24 NIST is conducting research on a variety of topics critical to the performance of HPC. The fire performance of HPC is critical due to its use in high rise building and tunnel structures. Understanding the basic mechanisms behind the spalling behavior of HPC and the ability of polypropylene fibers to prevent spalling is critical to the design and construction of safe and durable structures. The simulations described in this paper provide further insights into these mechanisms and can offer an approach for examining the spalling susceptibility of a concrete based on any mixture proportions of interest.
PERCOLATION THEORY
Percolation theory deals with the connectivity of components in a system. First applied by Hammersley in the 1950s, 25 an excellent introduction is provided by Stauffer and Aharony. 26 The microstructure of cement-based materials provides numerous examples of percolation phenomena. 27 Often in percolation studies, one is interested in the fraction of a phase (or phases) which is connected across the microstructure as a function of the total volume fraction of the phase(s). For example, based on observing a significant (sudden) reduction in permeability 28 as first noted by Powers, the capillary porosity in cement paste exhibits a percolation transition (from connected to disconnected) at a volume fraction of about 20 % porosity, as further verified by computer simulations 29 and measurements of water imbibition during chemical shrinkage. 30 , 31 This transition is relatively independent of w/c ratio, but does depend somewhat on the particle size distribution of 
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ACI Materials Journal/May-June 2000 this paper, there were either 20 bins or 30 bins per dimension (8000 bins or 27,000 bins in the three-dimensional volume). Percolation is assessed by determining if there exists a pathway across the three-dimensional microstructure--in one principal direction--composed of the overlapping ITZ regions. All particles that are a part of this pathway are assigned a special label, so that their volume fraction may be conveniently determined during the systematic point sampling. Additionally, during this sampling, a three-dimensional digital image of the microstructure (typically 150 voxels x 150 voxels x 150 voxels in size) is created in which each point is labelled as aggregate, fiber, ITZ, or bulk paste, along with its percolation state.
To examine the influence of aggregate volume fraction and gradation and fiber content on the percolation of the ITZ regions, a variety of parameters were varied in a systematic fashion. The aggregate gradations were chosen based on those designated in ASTM C 33, 39 and presented in Figure 2 . The coarse aggregate followed a nominal size range of 12.5 mm to 4.75 mm with a maximum aggregate size of 19.0 mm. The coarse to fine aggregate ratio was fixed at a value of 1.5:1, a value typically employed in concrete mixture proportions 4, although the influence of this ratio will be discussed in the "Application to Mixture Proportioning" section to follow. Aggregate volume fractions studied included 0.6, 0.65, 0.7, and 0.75 to span the range typically encountered in construction concrete. Because of the necessity of including only integer numbers of particles in the simulated concrete volume, these values varied slightly with the specific aggregate gradation being employed. Although air voids present in the concrete will behave similarly to aggregates, in that each will be surrounded by an ITZ region, their influence was not examined in this study. This was based on the assumption that most of the HPC used in high rise buildings and tunnels will not incorporate air entrainment agents. However, the computational techniques presented herein are equally applicable to air-entrained concretes, as has been demonstrated previously. 36 Recently, some evidence that air-entrained concretes may provide improved spalling resistance has been presented. 23 For each concrete mixture proportion, the ITZ thickness was varied between 5 µm and 30 µm, to span the projected difference between HPCs and conventional concretes. In each case, systems with no fibers were first evaluated, and then systems with various fiber contents and geometries. Typically, fiber lengths of 10 mm and 20 mm were investigated and in both cases, a value of 0.25 mm was used for the fiber diameter, resulting in fiber aspect ratios of 40:1 and 80:1, respectively. For a few limited simulations, the fiber diameter was reduced to 0.1 mm to examine its effect on the percolation properties of the ITZ regions. For fiber diameters smaller than this, the diameter of the fibers would be similar to that of the original unhydrated cement particles and there would not be a welldefined ITZ region surrounding each fiber. Reducing the fiber diameter may thus reduce the volume of fibers required to achieve percolation, but there is a lower limit based on the size of the cement particles in the concrete.
All fibers were randomly oriented in the three-dimensional microstructure by generating a set of Euler angles corresponding to a random point on the surface of a unit sphere. Thus, it is being assumed that the fibers are not oriented preferentially by the concrete mixing process. Fiber contents were varied by adding different numbers (50, 75 , 100, 200, etc.) of fibers to the microstructure volume to estimate the critical volume fraction needed to achieve percolation of the ITZs in those systems whose ITZ regions were originally discontinuous across the microstructure. Finally, simulations were conducted for systems containing only fibers and their ITZs, to determine their approximate percolation threshold. This value could be of particular relevance in lightweight aggregate concrete where sional microstructure. For aspect ratios of 100:1 and 200:1, this volume fraction is reduced to about 0.7% and 0.3%, respectively, suggesting that longer fibers should be more efficient in causing percolation of non-percolated systems. This is in agreement with the rapid chloride permeability measurements of Toutanji et al., who, for concretes containing equal volume fractions of fibers, measured greater permeabilities for the systems containing longer (19 mm vs. 12.5 mm) fibers. 22 As a reference point, a fiber addition of 0.595 kg/m 3 (1 lb/yd 3 ) would correspond to approximately a fiber volume fraction of 0.06%. At this addition level, the fibers themselves should not be percolated, but could enhance the percolation of the ITZ regions surrounding each aggregate.
FIBER REINFORCED CONCRETE MICROSTRUCTURAL MODEL
The three-dimensional microstructure of fiber-reinforced concrete is represented within the computer using the hard core/soft shell model. This model has recently been described in detail 35, and software and documentation for the version of the model based entirely on spherical particles are available for downloading from the /ftp/pub/bfrl/bentz/HCSSMODEL subdirectory at ftp.nist.gov (129.6.182.194), or by accessing an electronic monograph at http://ciks.cbt.nist.gov/garboczi. The model has been used in the past to study the chloride ion diffusivity of concrete as a function of mixture proportions, 36, 37 leading to the development of an equation for estimating chloride ion diffusivity from mixture proportions and the degree of hydration of the cement. 36 The model simulates the microstructure of a cubic volume of concrete, typically 27,000 mm 3 in volume for this study. Thus, the sample is 30 mm on a side, the same scale at which spalling failures are commonly observed. 5 With a sample of this size, up to one million individual particles may be required depending on the specific aggregate gradation and volume fraction. The user specifies the particle size distribution (PSD) of the aggregates and the number of particles to place within the three-dimensional volume. The program creates a random microstructure, ensuring that no two aggregate particles overlap within the threedimensional cubic volume. Typically, the PSD is specified via the measured sieve size classification of the aggregates. Within each sieve classification, the particle sizes are distributed uniformly by volume. For this study, the basic computer program was modified to include ellipsoidal fibers in the microstructure. Assessing the overlap of two general ellipsoids is more complex than the simple distance check that can be employed to determine if two spheres overlap. For this purpose, computer codes have been developed in the past and used to study the influence of aggregate shape on the percolation of their surrounding ITZ regions. 38 The rigid three-dimensional ellipsoids serve as a convenient computational abstraction for the polypropylene fibers, which are, in reality, deformable cylinders and may possibly "bend" around aggregates, etc. in the concrete.
The computer program is divided into three modules for: 1) the random placement of particles, 2) the assessment of the percolation characteristics of the surrounding ITZs, and 3) systematic point sampling to estimate the volumes of all phases (aggregates, fibers, ITZs, and bulk cement paste) in the concrete microstructure. Generally, the particles are placed from largest to smallest in size. For fibers, placement size is characterized by the largest of the three principal axis directions. For increased computational efficiency, the three-dimensional microstructure is subdivided into a set of cubic bins. This reduces the computational time required when assessing overlaps, as each particle's position need only be compared with the other particles sharing a common bin, as opposed to every other particle in the system. For the simulations presented in the ITZs surrounding aggregates may be effectively eliminated, as an ITZ denser than the bulk paste may be formed. 40, 41 Indeed, Bilodeau et al. 4 have observed that a fiber content sufficient to diminish the spalling of a normal weight high strength concrete had little influence on the spalling behavior of a comparable lightweight high strength concrete.
RESULTS

Microstructures and Percolation of ITZs
Three views of representative three-dimensional fiber-reinforced concrete microstructures are provided in Figs. 3, 4 , and 5. In all three figures, the aggregate volume fraction is 0.6 (based on the cCcF distribution) and the fiber content is 0.0012, consisting of 100 fibers of length 10 mm and diameter 0.25 mm. Figure 3 provides a simple two-dimensional surface view for two concretes with the same volume fractions of aggregates and fibers, but one based on spherical aggregates (Fig. 3a) and the other on ellipsoidal aggregates (Fig. 3b) with an aspect ratio of 1.5:1:0.6667. In Fig. 4 , for simplicity, only those aggregates that are part of a percolated pathway for an ITZ thickness of 20 µm are shown in grey, with all of the fibers shown in white. Interestingly, in all three figures, one can observe that it is mainly the larger aggregates that are a part of the percolated pathway, and not the smaller aggregates that provide a major fraction of the aggregate surface area. This is illustrated quantitatively for the system with spherical aggregates in that 73% of the aggregate volume is part of the percolated pathway, while only 32% of the ITZ regions are part of this pathway. For the system with ellipsoidal aggregates, the corresponding volume fractions are 78% and 39%. Larger aggregates provide a large aggregate volume, but a proportionately smaller ITZ volume (surface area/volume ratio) than smaller ones. These results are supported by the simulations of Snyder, 42 who showed that for air voids, the probability of a given air void having a neighbor within a fixed distance, was larger for the larger air voids. Correspondingly in this study, the greater surface area of an individual large aggregate makes it more likely that one of the fibers or another aggregate will intersect its ITZ volume. This finding could have a significant impact on mixture proportions for HPC as will be outlined for the case of lightweight HPC in the "Application to Mixture Proportioning" section to follow.
For each of the aggregate gradations examined in this study, the minimum ITZ thickness (5 µm, 10 µm, 20 µm, or 30 µm) necessary to create a percolated pathway was determined as a function of aggregate volume fraction. The results are summarized in Table 1 , in which the aggregate distributions are listed from coarsest (cCcF) to finest (fCfF). For the two finest distributions, results were not generated for V agg = 0.75, since well more than one million aggregates would have been required and the V agg = 0.70 systems were already percolated for an ITZ thickness of 5 µm. For the cCcF distribution, three separate simulations, each using a different random number seed, were executed at each volume fraction to provide some indication of the variability due to the random configuration of the three-dimensional microstructure. From Table 1 , one can clearly see that the greater the aggregate surface area (finer distributions), the lower the ITZ thickness needed to achieve percolation. In general, as would be expected, the greater the aggregate volume fraction, the lower the requisite ITZ thickness and volume fraction of ITZ paste. Since more of the concrete volume is filled with aggregates, less ITZ paste is needed to achieve percolation. For a volume fraction of aggregates of 75 %, all of the distributions are percolated for an ITZ thickness of 10 µm, and one would expect that these concretes would have less propensity for spalling during a fire. However, as the volume fraction of aggregates is reduced as it typically is in HPCs, 20, 21 with their higher cement content, the systems based on the coarser particle size distributions remain unpercolated for an ITZ thickness of 10 µm, and could thus be susceptible to spalling.
For those systems that are unpercolated, the addition of fibers can be extremely efficient in creating a percolated pathway. This can be observed in Figure 6 which contrasts the efficiency of adding fibers vs. adding more aggregates to a system initially containing 60% aggregates (cCcF distribution), for ITZ thicknesses of 20 µm and 30 µm. One can clearly observe that the fibers are nearly five times more efficient on a volume basis (0.004 addition of fibers is more or less equivalent to 0.02 addition of aggregates). This clearly illustrates the ability of the fibers to enhance the connectivity of the ITZs present in a Tables 2 and 3 . These list results for the addition of fibers to two specific concrete microstructures; one based on the medium coarse-medium fine (mCmF) distribution with 60 % by volume of aggregates and the other based on the coarse coarse-coarse fine (cCcF) distribution with V agg = 0.75. For systems whose ITZ regions are unpercolated or weakly percolated, the addition of fibers is seen to significantly increase the fraction of both the aggregates (V AGGp ) and ITZ regions (V ITZp ) which are a part of the percolated network spanning the specimen. It should be noted that these volume fractions of fibers (0.1 % to 0.4 % by volume) correspond closely to those currently employed in structural concretes to prevent spalling. 4 By comparing the results for the two different length fibers in Fig. 6 , it can also be observed that the 20 mm length fibers (triangles) are slightly superior to the 10 mm ones (circles) in creating a percolated network. These results are also confirmed by those presented in Tables 2 and 3 where in certain cases, at equivalent volume fractions, the 20 mm length fibers are able to percolate a system that remained unpercolated with the addition of 10 mm fibers. In general, for the PSD distributions investigated in this study, the 20 mm fibers were slightly more efficient both in percolating an unpercolated system and in increasing the connectivity of a partially percolated one. As stated earlier, this is consistent with the percolation characteristics of totally overlapping ellipsoids. 34 For the few systems examined with the fiber diameter reduced to 0.1 mm, and the length maintained at either 10 mm or 20 mm for the same number of fibers, the percolated volume fractions of aggregates and ITZ regions were just slightly reduced relative to those observed for the 0.25 mm fibers. This suggests that it is the length and number of fibers that is critical in percolating the microstructure. Fibers of 0.1 mm diameter occupy only 16 % of the volume of 0.25 mm diameter ones, so that the volume fraction (fiber content) needed could be significantly reduced. This, must be contrasted, however, against the structural rigidity of the fiber and the fact that its diameter needs to be significantly larger than that of the cement particles in order to promote ITZ formation at the fiber-cement paste interface. The resulting "fiber channel" of sufficient diameter would facilitate the escape of water vapor.
concrete. Further illustration of the efficiency of fibers is provided in
For systems containing fibers only, the following percolation thresholds were observed using the computer simulation. For 10 mm length, 0.25 mm diameter fibers, volume fractions on the order of 6% and 4.5% were required for ITZ thicknesses of 20 µm and 30 µm, respectively. For the equivalent diameter 20 mm fibers, by contrast, the percolation thresholds were observed to be about 3% and 2.5%. For fibers of reduced diameter (0.1 mm, length = 10 mm) percolation thresholds were substantially reduced to 1.1% and 0.8% for ITZ thicknesses of 20 µm and 30 µm, respectively. For the 20 mm length, 0.1 mm diameter fibers, the equivalent percolation values were once again reduced by a factor of five to values of approximately 0.6% and 0.5%, respectively. All of these values are somewhat higher than those previously observed for totally overlapping ellipsoids of equivalent aspect ratios, 34 due to the restriction in the present study that the hard core fibers can not overlap one another, although their soft shell ITZ regions are free to overlap one another. For the 0.1 mm diameter fibers, however, the values are definitely approaching those reported earlier for the totally overlapping ellipsoid case (0.7% for an aspect ratio of 100:1 and 0.3% for 200:1). As the fibers become thinner, their ITZ regions occupy a larger proportion of their total volume and they would be expected to approach the case of totally overlapping particles, particularly for the 30 µm ITZ systems. In all cases, the longer (higher aspect ratio) fibers are seen to be the more efficient shape for creating a percolated ITZ network through a three-dimensional microstructure.
Thermal Stability of Fibers and Cement Pastes
One part of a previously proposed theory for the performance enhancement of polypropylene fibers in HPC exposed to fire is that the fibers burn out, providing a convenient escape pathway for the water vapor released during the thermal decomposition of the hydrated cement paste present in the concrete. Here, thermogravimetric analysis (TGA) will be applied to investigate this hypothesis more closely. Both the isotactic and atactic versions of polypropylene thermally decompose in the temperature range of 250 C to 450 C. 43 The decomposition products are reported to be a variety of hydrocarbons, with the major components being propylene, and pentene, and heptene derivatives. Figure 7 provides the results of a high resolution TGA analysis, (employing a nominal scan rate of 20 C/min) of fibers from two commercial manufacturers. The results are consistent with the literature, with substantial mass loss occurring at about 250 C and thermal decomposition being completed around 400 C.
These TGA curves can be contrasted against those obtained for the mortar components of an ordinary concrete (w/c = 0.5, no silica fume) and a high-performance concrete (w/c = 0.23, 10% condensed silica fume (CSF)), shown in Figure 8 . For both concretes, a significant mass loss is observed in the temperature range of 100 C to 250 C, corresponding to the loss of water from the C-S-H gel and aluminate hydration products such as ettringite. 7 For the w/c = 0.5 concrete, a second significant mass loss occurs in the temperature range of 450 C to 550 C, corresponding to the loss of water from the calcium hydroxide (CH). Normally, a w/c=0.23 cement paste would have less CH than a w/c=0.5 system due to the lower degree of reaction of the cement. But with the addition of the 10% CSF, the mass loss corresponding to water in the CH is not observed at all. This is because all of the CH formed in this system has reacted with the silica fume to form pozzolanic C-S-H, which loses its water in the same temperature range as the primary C-S-H. 7 Taken together with those in Figure 7 , these results suggest that when most of the water is released in a high-performance concrete, the polypropylene fibers would still be locally present in the system, and the most probable escape pathway would be through the percolated ITZ regions--including those surrounding the fibers. However, two further points must be kept in mind. The first is that during exposure to a fire, a fairly sharp temperature gradient exists through the thickness of the concrete element. 2 Thus, when pressure is building at a depth of several centimeters within the concrete, the surface layer of the concrete is certainly at a temperature where the polypropylene fibers would be completely degraded. It would be of interest to "quench" an ongoing fire test and examine the distribution of fibers as a function of depth within the concrete. The second, the polypropylene fibers do soften at around 150 C, 4 so that the possibility also exists that they are flowable and can be "pushed" out of the concrete, or at least locally out of the "fiber channel" by the exiting steam. This suggests that within a fiber-reinforced concrete exposed to a fire, there are at least three different property gradients of relevance: temperature, moisture, and fiber content.
To further investigate the fiber softening, the viscosity of the polymer melt has been measured at a temperature of 225 C, using equipment conventionally employed for measuring the flow properties of asphalts. For a shear rate of about 1.2 s -1 , the measured viscosity of the polymer melt was on the order of 1000 Pa-s. This is in reasonable agreement with values presented in the literature for linear low-density polyethylene, 45 where a viscosity of 4000 Pa-s was measured at a temperature of 200 C and a shear rate of 1 s -1 . Using this viscosity and the Hagen-Pouiselle equation for flow in a tube, one can estimate the time required for the polymer melt to flow through the fiber path (approximately cylindrical) as a function of the applied pressure. The time, t, to empty a fiber is given by where V fiber is the volume of the fiber, Q is the volumetric flow rate, µ is the polymer melt viscosity, L is the fiber length, r its radius, and ) DP is the pressure drop across the fiber length.
Computer modelling 5, 6 and experimental measurements 6,8 have suggested that pressures on the order of 1 MPa to 4 MPa can be created at the depths where spalling typically occurs in a high-performance concrete exposed to a fire test. Substituting this range of values, along with the appropriate fiber geometrical parameters (L = 20 mm and r = 0.125 mm) into Eq. (1), one can calculate that between 50 seconds and 200 seconds of time would be required for the fiber to empty. If the fiber diameter were reduced from 0.25 mm to 0.1 mm, this time would increase by a factor of four, according to Eq. (1). This "removal" time would apply for a fiber attached to the surface of the concrete. For an interior fiber, the polymer melt would also need to flow through the capillary pore system, since the fibers themselves are not percolated. Using a pore diameter of 10 µm--a conservative estimate for this calculation--one arrives at a time of 2.25 hours to 9 hours for the polymer melt to flow a travel distance of 10 mm. These approximate calculations suggest that only those fibers in contact with the exterior surface of the concrete would be able to flow out of the concrete during. Since spalling often occurs at depths between 5 mm and 40 mm, 5 the removal of these surface fibers, due either to complete burn out or flow of the melted fibers, could substantially reduce the spalling susceptibility of an HPC exposed to fire. Conversely, those fibers whose flow path for egress includes a portion of the capillary pore network will likely remain in place, but once melted could flow into and be absorbed by the surrounding cement paste matrix. Of course, in this case, the absorbed fiber melt could also partially or totally block access to the now empty fiber channel.
To further investigate this absorption process, mortar specimens (sand/cement = 2.02, w/c = 0.36) containing 0.33 mass percent fibers per gram of cement were prepared and were subjected to constant temperature heat treatments of two hours at either 150 C or 200 C. For the specimen heated to 150 C, the fibers basically remained intact and were readily observed in the interior of the specimens. However, for the specimen heated to 200 C, extremely few fibers were present intact after the heat treatment. The empty fiber channels, however, could be readily observed on fracture surfaces created by breaking the specimen. These empty channels, in cooperation with the ITZs, should provide a pathway for the exit of the saturated water vapor generated during the fire exposure. Since the maximum internal pressures generated within an HPC are typically characterized by a local temperature in the range of 200 C to 250 C, the "disappearance" of the fibers at a temperature near 200 C is quite fortuitous. This observation may provide a possible explanation for the superior performance of polypropylene fibers relative to comparable additions of steel fibers which do not "burn out", concerning fire performance. 5 
APPLICATION TO MIXTURE PROPORTIONING
The computer code has been designed to be applicable to any mixture proportions of interest. The user needs to specify the aggregate particle size distribution and the best set of aspect ratios to use to characterize the shape of the aggregates. The ITZ thickness will generally be controlled by the median cement particle size, 46 but will be further reduced in systems containing silica fume or other ultra-fine particles. The code could be easily extended to model a three-dimensional concrete consisting of spherical air voids, ellipsoidal aggregates, and fibers, for any mixture proportion of interest. Each particle type could have its own ITZ characteristics so that lightweight aggregates with no discernible ITZ region could be mixed with conventional aggregates and air voids with a measurable ITZ thickness. All of the studies presented in this paper have been conducted at a constant coarse aggregate to fine aggregate mass ratio of 1.5 to 1. Increasing this ratio, as is often the case 
when applying ACI mixture proportioning procedures for high strength concrete, 47, 48 has a tendency to shift the PSD towards the coarse-coarse, coarse-fine (cCcF) distribution, shown in Fig. 2 . One example of this would be the mixture proportions employed by Sanjayan and Stocks 20 for a high-strength concrete which exhibited substantial spalling. They used a coarse aggregate to fine aggregate ratio of 2.12, as opposed to a ratio of 1.5 for their normal strength concrete, which did not exhibit spalling. This higher coarse to fine ratio would shift the PSD to the coarser region, where as indicated by Table 1 , the ITZ regions could easily be de-percolated in a high-performance concrete. Conversely, Shirley et al. 21 employed ratios varying between 1.0 and 1.6, and did not observe any spalling for either normal strength or high strength specimens. Ratios below 1.5 would tend to shift the PSD towards the fine-coarse, fine-fine (fCfF) distribution, where as indicated by the results in Table 1 , spalling would not be expected to be a problem. In this case, the ITZ regions would be expected to be percolated even for an HPC. Thus, the hypothesis developed in this paper lends support to the sporadicity of spalling observations in various research studies. Compressive strength alone is not the controlling variable, as it is the exact mixture proportions employed in each study that are of paramount importance. Likewise, the aggregate content alone is insufficient to make a spalling determination, as both aggregate volume fraction and particle size distribution are critical variables influencing the percolation of the ITZ regions. Unfortunately, the actual aggregate particle size distribution is rarely reported in studies presented in the literature. For lightweight aggregate and ultra high-performance concretes, the ITZ regions can be effectively eliminated so that quite large concentrations of fibers (2% to 5%) may be needed to provide their own percolated pathway. In the case of lightweight aggregates, a promising compromise would be to use saturated lightweight fines along with normal weight coarse aggregates, with on the order of 0.5% by volume of fibers to percolate the coarse aggregate network. This may be viable because, as observed in Figs. 4 and 5 , it is the larger aggregate particles that comprise the major portion of the percolated network, created by the addition of fibers. Additionally, the use of saturated lightweight fines will reduce self-desiccation and subsequent autogenous shrinkage, which is another Achilles heel of many HPCs. [49] [50] [51] [52] As our basic understanding of concrete microstructure continues to develop, the potential for engineering solutions via "designer" concrete mixture proportions appears promising. The presented computational model provides a powerful tool for tailoring the exact concrete mixture proportions to the intended application.
CONCLUSIONS
A three-dimensional microstructural model for fiber-reinforced concrete has been presented and applied to examining the spalling phenomena of high-performance concrete. The hypothesis that the percolation of the ITZ regions in the concrete is of paramount importance to spalling performance, has been supported by numerous simulations, and a review of documented experimental results. The efficiency of fibers to percolate a system of ITZs surrounding aggregates, or increase their percolated fraction has been clearly demonstrated. The simulation results also suggest that 20 mm fibers will provide superior performance to 10 mm ones at equivalent volume fractions. The simulations, coupled with thermogravimetric analysis of the fibers and concretes, suggest that at the temperatures where most of the water vapor is generated in a high performance-concrete, the fibers are softened and absorbed by the surrounding cement paste matrix. Measurements of the viscosity of the polymer melt indicate that while this flow within the fiber channels is possible, significant flow through the capillary pore network of the cement paste is unlikely. Thus, only those fibers in direct contact with the exterior surface are likely to be totally expelled by the pressure developing within the concrete during the fire exposure.
The developed computer program provides the opportunity to engineer a concrete with improved spalling resistance, by ensuring the percolation of the ITZ regions for the user-specified ITZ thickness. For accurate performance, the user must supply not only the aggregate volume fraction, but also the particle size distribution, based on a sieve analysis, and some insight into the specific geometrical properties (e.g., aspect ratios for three-dimensional ellipsoids) of the aggregate (and fiber) particles.
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NOTATIONS
cCcF = coarse-coarse, coarse-fine aggregate gradation cCfF = coarse-coarse, fine-fine aggregate gradation CSF = condensed silica fume C-S-H = calcium silicate hydrate fCcF = fine-coarse, coarse-fine aggregate gradation fCfF = fine-coarse, fine-fine aggregate gradation HCSS = hard core/soft shell HPC = high-performance concrete ITZ = interfacial transition zone L = fiber length mCmF = middle-coarse, middle-fine aggregate gradation ∆P = pressure drop PSD = particle size distribution Q = volumetric flowrate r = fiber radius t = time V agg = volume fraction of aggregate V AGGp = volume fraction of total aggregates which are part of a percolated pathway V fiber = volume of a fiber V ITZp = volume fraction of all ITZ regions which are part of a percolated pathway w/c = water to cement ratio µ = viscosity
